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31 Cll NO I()(i Y lh’VIS3MI:NT

‘Jh( Natiolla] Acl(jtla~~(ics ar~c] Spacc Administration
(NliSA)  bas takcII a hold and far-s ighted slep to
scl iolldy  invest itl tcvolulionary  technology for (be
fut[ltt wi[ll its N(w  Millctlnium  l’rogram (NM1’).  ]n
lo(lflr)”s fisczl ctlvirorlrncn(, w’hc.re government funcls
arc so constrtiirwd at)d Ihc ]x)litical and public focus
is on cur bir]g F,ovc]llrnctr[  sf)cnding,  it is difficult 10
cotlvirlce llIc g~lardians  of lhc treasury 10 invcsl in
boilcfinza lcc)lllol<,~,ical infr as(ructurc  forthecountry’s

spafc  ]JroF,ralll I}M1 trlay no[ pay off for 1(1 [0 15 years.
‘1 Iii+l .siluati(~ri is furlhct conll)licaled  in [hat the soci-
c(al Ixtlcfi(s  ir) lcIt It< of re[urn  on irlvcs(mcnl for a
tccltrl{llog,y arc Cx(l(trlcly  difficult to cvaluale.  in gcn-
etal,(~ticcalles[ir~~a[c  Ihc rcla[iv cvalucofon etcchnol-
o~,y b) cc)rnparirl~, it to anotlrcr,  particularly in a vc.ry
closrly  lclalcd  disci],linc.  nut comparing the value of,
say, OIIC cotrll)l(tcr [ccllr~o]ogy  to ano(hcr  is a much
easi(r [ask tha]l (o]rllmrirlg it to the value of a welfare.
proj;r~rn  or a sirllilar social irlvestnlen(.

‘1-1 IC fu L ure ucll-t,cingof  t hc country lies in tbc. strc.ngth
Oft){)tll  its irldus~rial arid technological infrastructure
arid ill itssoc-i~l  l~rcjgralr-rs,  and there  isa need to invest
w’iscly i n  lJoIl~. ]Iu[ LIIC l)alance to bc reachc.cl i n
dcci(lillStlolv  rrltlcll  rl)oticylospcncl  oneach  is always
dllli:ul[.  \4%ilc bolh  ar c [0 bc corrsiclcrcc] investments
in llIc Iuturc,  v,’catc rr)otv aware of and affcclcd by the
sllor  tci)nlili~,s  0[ social I)rograrns  in ourcvcryclaylivcs.
‘1’llc dcflcictlcics  )n tcchnolo~,ica]  infras[ructurc,  how-
e v e r ,  :+rc otl]y aplmlcnl  on an in(crnational  Ic.vc.t,
wlIc Ic [bc LJrlitcd Slatc5 lnusl  compete with other
coutltrlcs  in tllc ~JolMl ccorrornic  market.

TIIC pllrfmsc of 111(  NM}) is (o dcmons[rate  ancl vali-
da(c rcic)ltl(i ol)ary[ ccllr~olc)gics--  in aserics  of flights
Iba( *III bc laun(hc(]  anrlually  starling in 1998- to
crmljlca ncv,’crair!  s~~acc  Iligtl[ .-l”tlcsc lecllrlologicsarc
CX]WCIL(I  to lay t}w ~,rour~dwork and hc]p build (he



[e.chnological  in fras[ruc(ure  for NASA’S sj~at c [ ,(1 ,It)
r a t i o n  a n d  1{.arth  ohscrvation  mission<  iri II I( ) I >t
century.  ‘1’hc vision ar[iculatcd  by K31}’ 1~ (JIIC (){
frequent launches of spacccraf’t [hat art CI)IIL.ICI{  I al IIy
more capab]c and Icss cxf>mlsive  than thow  01 t )d ~y

in acldition (O the fact that [hc value of a I)(v,  (<( 111111
ogy is had to measure, the value of’ dctnor]~t  Iii itl~’, a
space. technology through fligh[  val idat iot ] i~, a 1 1~,1  lly
clcba[cc] issue. While it maybe themos[  cxfwt 1~.il v+y
[o ICSt a tcchno]ogy  (o set that it works aII(l i~ t~,xl, 10
be incorporated into science rnissiorls,  flIy,l II vli[la
tion is also the most compl-ehe.nsivc  ar~[l {I)(11  .,~lj’)1
nlcaTls oflcslillg  tllclecllrlology  ’sstalc ofdev[klj  I t)(iil
a n d  Icvcl of rcaclincss. (ln the othel }Izt I(l, ltt: Iiy
fca(urcs ofrw.wt  cchnologicsmay  bc adc({ll~lcly  <1( ~11
ons(ratcd  and lcs(cd on the.ground, 1x)111  luti((i(r~  II)
and cllvirollrllcrllal  ly, SO the cost valu(  of s] ,:ii”(  II i!:lll
dcmonsl  t-at ion is of[cn difficult 10 asst ~,.

III o(hcr tcchnologyvalidation pro~,tfinis, i{,. }111(11(~
gicsaresclectcd for flight validaliol~ by ev;il~la[il I); I I)(
technology’s slalc of dcvclof>mcnt,  arl(l (t~ljslw r IIIF,
wllclllc.r s])accfligll( valiclatic)flis~lce(lffl  [() fur(tl,t  ‘ II(
technology along its dcvclopmcnl  ~~all~. “1 tlc de isl(,tl
for sclcc[inga  tcclinology  is often made wi[ll(lrll  i ( I$f

undcrslarlding  of i[s relevance fol IIll<si(,tl ;Il~lIIIL a-
tion,  and lhc process seems to bc ot i( of 2 s! )’! (I[ lot I
looking for a problcm.  Wilh  NMI’,  [I]is sil~l~t~:,li i<
avoided in the followi?lg~~~al~l~cr: We 11.+i’e  f]t :.[ 2 [i (I
la[cd NASA’s vision for 21st-century rtli+l(ltl~ [III. tl
specif ied [he capabili[ics  ncechxf  10 CKC(UI(  ItJ+t vi
sion, and finally, arc sclccling  tccllr)ologi(’)  [11;: 1$ Ill
provide lhc capal)ililics  and, in lUIII,  {]E31,1(.  11+ ..:. I
cncc vision (I; igure 1). in this way, the I(’( lItIoloj,Ic$
wcsclcct  arcasolulion lolhc problem. IIIOLIIII  v 01 (1$.
they arc problem- driven tc.chnologics, SO, u I III( N \ll’
is considcrcc] a technology f>rograln,  il is il I T ( Ii! > 2
science technology ncc.c]s--  driven pro[’,[d][l

SC: IENCII VISION FOR “1’111:  21 S-1 (“I NJ t l<}’

“1’hc  scicncc  vision for [he 21s( cen[ilry l(~:~i: < oii
NASA’s  l.at-[b  and sf>acc scic.ncc I)ro[’,lalll  1,(c Ii III
(his context,  tbcsc cardinal f~oin(s arc I(lctlr I(I(  1

●

●

●

A flcc[ of individual sf>acccraft  to CXIC]I(I  ~~llr 1,iIItI~
of largc(s
Cons[clla(ions  10 s[uc]y dynamic sy:>(clll’ ,~rl ~ It o
vidc global covcragc
Nc.wmcasurcnlcnt  (cchniqucs  (ocx[ctl(l  (jut {IL r)
tific horizons

‘1 lIC s.icn(c \risioll II Icludcs rlctworks  of lancle.rs sent
to Nlfir> and Vctlus, cllis(crs of probes mapping plan-
cta]y )o]lospllcrcs atd lna~[lclosphcrcs,  a n d  space-
cral( Ietur])illg satn])lcs [ton] as[croids  and comets.
WC also cnvisioll fleets of sf)acc.crafl  exploring diver-
si[y O( tatgc[s  SUCII as 1’IuIo ancl the hc]iof>ause, and
beyot,(l.  (ons[cllat ions atld networks of sf>acecraf(
V’ill a(ldress  dyllarnic,  complex  systems. l;or example,
a sir~~,lc lander  cat) rcfmr(  o]) the weather at one spot
011 a ]Jlalw[,  l)ut a IIetm’crtk of lanclcrs is nccdccl  to
c}lara((crizc (}IC plallc[’s  dy]~anlic  climate. Similarly, a
sifll,)c scisrllorn{(cl  w’i]] il~dicatc a planctquake,  l~ut a

rw(w{}tk of scisnlornc[crs  can use planctc[uakcs  to
rncas~lte (hc si7c of a ]Jlatlc(afy core. Wc need mullif>le
sl)acntafl 10 go twyollcl  our ini(ial reconnaissance, 10
Corrl]llctcly  cllaractct  izc dynamic systems [he way wc
arc al)lc to on l:arl}l’s  surface.

or]( c xarnl]le  of a l~i~)l-l)riori(yn~issi{)rl  to explore the
ullivcl sc is a free flyirl~, interferometer constellation
lllal i s  caf]atllc 0[ itlla~ing cxtrasolar  f)lancts (liig-
urc 2), Such a cor~~lcll~tiorl  could detect  ljarth-like
~,lal~c[sand pt ot’idc  it lforma[ion (hat woLild clarify lhc
(lr i{:irl arid cvo]~l(io]l of p]arlctary sys(crns in general.
liascd on a widely sl)accd  constellation of (hrce or
~nol c spacccraf[ w’itll ])rccision formation control, this
Irlissiorl would rcquiru ])rccision poirltingand  conlrol
(,f a collslcllaliorl,  rlatlomclcr-scale intcrspacccraft
reel r(~logy, arid accura(c  s[a[ionkcc.ping. Quiet spacc.-
c talt s[ructurrs,  Iow-(l]rus(  propulsion, ancl low-mass,
nigh (luali[y ol)tics arc also necckd  capabilities 10
irnl Jctnenl  a free-flyitlg in(crfrxornclcr.

(orn(t  sarn])lc-]c[ut II rllissiorls  form anoihcrcatcgory
of ]~i~)].])riority  rl~issiorls  focused on our solar system,

~r OUIXC1  will] it] tllc ulli(yir)~,  Ihcrnc of “Our Planclary
Nciglll)ors.” (llata(tcrizati(lrl ofthc primitive matc.ri-
SIS of wllicll cotnets  arc composed  will shed light on
(he origin and evolution of the solar system. The
crl~islorled  missiorl itn])lcmcntation  incluclcs the se-
lcc[ion of an a])~]rol)riatc  landing si(c following an
or bit:~l suri’cy,  ir] si[u  s(udy, sclcclion  and collection
0[ Io,al sanl]des, arid return  of samples 10 l:arth
Itlroupjl a dirccl alrnosl)heric  entry. “1’0 carry out such
2. rl Iis>iorl, advarlce~ irl autorlormous  operations, low-
rt]a+ s[ruc(ural rlla~erials, arlcl hig}l specific-irnpulse
])rop~llsiol, will I)c required. 1 ligh-capability,  low-
IIia+ or-rboard corrllluters  and ncw approaches to
szrIII)lc  }lar]dlirl~  and I)rcservaliorl  arc also needccl
capaljililies
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FROM T}l K VISION TO Ttl El CA1’AB1l  1’1 Y
TO TIIE  T1lCtlNC)LOGIES

lncteasc.c] capability, reduced cost, and il]ti (:v:  { I I li~,t II
rate will be achicscc]  by using small l~uticll \~l Ii{ It s
that arc enablecl  by microspacecraft  an{] n)i(i [,lr 1. I r II.
ments.  It will also be nc.cessary [0 l)aw sl)ol(u Iiij:tll
times and 10 clccrcasc  tbc size of missittrls (.)]):  r:’ I(IIL.
staff through (hc usc of in[clligcnt  fligli~  S)SI (r Il.

A Roadmap  l;or hticrospacccraft  IXvcloprl)(  1)1. . . . . ..— .
We could rcducc  spacecraft mass and ]~flt~(.t c,) IS I ,y
miniaturiz  ingspacccrafl  components. 1 l(w$’c\cr,  It) r!
iaturization  alone woulc]  reduce OUI cfil)al~illtl .s I(>
obtain  the science c]ata required 10 fu]fi]] III(  i~>i(r) 1(II
the 21st century. Through the infusiori 01 r I+ v,’ I (L( Ii-
nologics,  such as innovative archileclul(s al L(I II, ~’,~ 11~’
capable microdc.vices, wc can dcve]oi)  IICV)  (or I c1 ~ls
(hat will aclually  increase our cat)al)illll(-  I)L ,f{,tIl{l
wha[  is curtcn[ly  possible, while simul[arlc{lll~ ) ‘!. -
ducing  mission COSIS.

Spacccraf[  hflass l)ccr case-.. ——.. — .—
Because of [hc impor[ancc  of bringinl;  dowr, s:,:, (.
craf[wcighl  t\~ro~J~~l[hcNMl>,ac]lalt  ill~lslltil Itl) 11.,w
spacecraft mass has evolved over [in)c v.,as d(v<l[  ,l). 1.1.
“Ihc charl  (l;igure  3) shows the historifi] ir,. I <<.( ,.,i
spacecraft mass during the 1 960s, 1 97(L, ar II I I ~~ Mtl,,
and ~hc starl  of dccrc.asing spacccra[l  II Ifi<s i! I Ill I<+Ic
1980s and early 1990s. Projections for Illc I ill I rc
clearly s}low a rapic] clccrcasc  in mass, Illad( ] II) ,.I’ IIc
bya dramatic reduction in the size of d]~ital  ( 1[ (, r(r~-

ics, and a concun  c.n[ incrcasc  in Ihcir (.v]x  I1 ,il IL,

Capable Microspacccraf(  l;ligbt Aviot~i~:

Ncw chip tcchno]ogics  allowing tllr((.dir,l(r] v)IIal
s[ackingof  microelectronics are cxarn])l(s (II ( II ICI /1,11 Ig
Icchno]ogics  that can signi[icanlly  rc(luc< I I)c 1) I I.>
and size of spaccctafl  subsyslcrns.  Ttlis n[”)t  iii)]  II I.): 1)
reduces rnulliplc  cards of electronics [(I sillj!lc  [1111)
s[acks a n d  c a n  lx applicx]  to sorl~c or tltc rrlj .WVC
spacecraft subsyslcrns,  including onlj:xlr (1 L of) 1 III(
ing, power,  and lclccor~)r~]llr]icaliorls 1 11( .< ,,, ),’(1

stacking and intcrconncc[cd  (CC1]I]OIOI;  ICS cr)il JIC ]Itv:
intcgr-atcd computing architectures atI(l :~l][~~rl ial ( d
design mc(hoclolo~,ics,  promising, rcduct d (Icsi[:l] I t){~.
lncornparison  totllc Mars l>a(hfir~(lcr  lli})llt c{,I,II.11 1,
this technology rcduccs  (hc mass and I’( l] (]l[li’ t),’ a
faclorof100,wilha 20-fold rcduclion  irl lX,WL f, IUl,lc
enhancing lhc onlmard  capability.

]rls[rumcnt  hlit)ia[urization-.. .
Srllall spa(ccrall  require smaller instrurncnls.  Orders
01 rn~~[;nituclc  rc(lud  iotls in inslrurncnt  m a s s  and
vol(lrtlc arc ar]tici[m[cd  through  the infusion of new
rllirliatllrizatiorl  t(’chrlologies.  A tyf)ical ins t rument
dcl)loyed durir]~ IIIC “fftigsliip’>  era is the Microwave
1 imb %urlclcr car I icd by [hc lJppcr  A t m o s p h e r e
Rcs:atch  .%tcllitc, launched in 1991 (I;igurc 4). At
2 !)0 kIlogtan K-, it touers over the human in the pic-
lur( II) conirast, 11(c l’lanctary lnlcgra[cd  Camera
Sjwc[ r[)mcler,  irl((]rl)(~ratitl[~  mul(iplcxed  foreoplics,
lowr)]ass  cor))pmi(c slruclurcs,  and advanced focal-
l)laIIc [cch~lolo~ics,  Ims a ~nass of only 5 kilograms.

1 rrlill’,ing rllicroclcctro l[~ccllarlical” systems (MIjMS)
tccllrlology p] otrlisc$ orders  of magtlilude  reduction
irl size ofavar  ic[y{)[irlslr umcrltsf orspace  exploration
atld 1 ar[h obscrvfi(iot],  ];ollowing in the foots[eps of
the rllicroclcc[rotlics” tcvolu[ion,  this technology cx-
(cri(ls  on-cl ii]) (alxil)ilily  beyond electronics to in-
CIU(IC rl~echfirlical  arid o])tical capabili(ics.  MIIMS tcch-
rlolo[;y  crlal)lcs  IICU classes of microinslrurncnts  that
make in situ rncasurcmcnls  a praclical  alternative to
cosl]y sarnl)lc IC{urlr fot a var-icty of analylic  mcasurc-
mctlts  of ~darlc[ary  surfeces  and atmospheres, as well
as Sm<411-lmdy  irlvcs[iy,al ions.

1 ItI\]I( ins[rulncnls  irlcorporatirrg  MliMS, pcrmi[(ing
oll(.lllp itl(c~!,taliot)  (If scrvwrs  and electronics, will
rcdltcc  sotnc instrurl]crl[s to mere grams in weight, A
cotlccl)t for a toriil)lc[c  ftcc-flying magnetometer ,
wi(ll orlboard ])m~’cr, d~la processing, and tclecorn-
n-rurli(a[iotls,  Cnvi<iol)s  a mass of only a 100 grams.
‘1 tic r,aliza[i(,n  of SUC1) “sl)acccraft-on-a-chip’) con-
cclxs will ctlal)lc suwrrns  of free-ffycrs capab]c  of
mal]f)irlg complex and dytlarnic  systems in space.

lr]{cgl~[cd  rtli(rosc  rl~ol l,ackagcsarcalso  small enough
to lx dc[,loycd a s  tlc(works  o f  microlanclcrs  and
orl)ltcrs  oflcr(rl{; f:lol,al plarlctary coverage. l;or cx-
arn])lc, a nc[~$’or  k O( rllicroscismornctcr-s  can provide
irl(orrl  latic)t~ol lp)ol)als  cisrr~or~~ctryar ld” could rnapthe
il][cri,)t s[ru(tute O( ]IlaI~cLs. Similarly, networks of
rlli(rotllcl(”(  >r{}lo~:i(al” sensors  such as pressure sensors
arl(l ll}~rornclct~ call l~c used (0 investigate planetary
clirllalc and cotlll)lcx a[lnospheric  dynamics,

(JII( c IIavillg i(lcr}li[icd  in the broadest  sense (he
tcc}lrlolo~ics Ilc(xlcd  10 carry out 21sl-century space

)



missions, it becomes necessary to grout> t Ilci II I lil{>
certain key areas ancl begin  thcil [m uwd (It, cl[,p
mcnt.  “lo this  c.nd, NMI)  in(cgratcd  pr\NlucI  dc~tl(~})
rncn[ (cams (ll>l)”l’s) have been forlricd. “1 tlc I 1)1 )’1
concept has been tligbly succcssrul  ir~ ]JJ iI\Iiit~,  1) I(; LIS
try, and revolves around forma(ion (JI 2 tIaII vIt}I
cross- dcl)at lrncntal  rcprc.sentation  wi{lii[l a L<>IIII  17. IIy
l;or cxamj)lc,  aulomo(ive  compa]lics  Ilfii’t I,t ,,tI,IIJIt
logcthcr  nlembcrs  from l}lcir design, s:41c+, rll:,l +(] !,,{.
tuling, alId slralcgic  planning dcpar I II ICII(\  I () WI )1 L
togctbcr  making concurrent decisions  (o (11111  I :+I~d
manufacture a final product.

Though such cross-scc[ional  reprcsct~l allot I I 1, . II(,[
tradi(ionallybce.n  used to develop a pl (of] U(:I <i(s’y,  [)
and sales dcparlmcnls,  for inslancc,  hif VC’ wI(~(l i’ {1 II.
fcring views of what a cus(omer  wants at td t l<l\\r I IILIC  t I
he’s willitlg [o pay -- each clcpal(rl~cr][’s iw:lrl ,(1,1,*1
inpu( is vital for [hc success of lIIC ~Jf(XiLI{[  if [tic
markc[placc.  11’])”]’s provide the n~cc}liir]lsr] I 11)1  ~,~r.
ting (1v2 best  inpul  trnc] cx~mlisc  sirIl(ll[211((~\lly  10
in flucncc bow a product is dcvclopcd.  ‘1 h(~<: coirll),+.
nies that have used ll>l)’l’s [0 manufa(  Iii]c l~)w ,. ~ILL,
reliable, and thus Ilighly dmirab]c  pd Uc[sj ltt Icl [})::[
their compcti[ivc  edge in the market  is illclc,(~.t(l a[ld
lhcy ate able 10 of)cratc very cffcctivcl),

Onc NMI) objcctivc  has bectl to irnprovc [IN. u (It L: I Ifi
r e l a t i onsh ips  among govcrnmenl, ifl(ll)~{f ~, all(l
academia in lhc. dcvcloprncnl  and a~q)lif~tiotl of 1,: L }1
nology. Nh41)is  usirlgthcconccpt ofll)l)’l  s ill iI sir~}illr
manner  to that used in priva[c indus[r)’, Ijul 10 Lril)f,
together rcpresenta[ives  from diffcrcnl S(,C (01> {,1 []}{
country .  Jus( as it}dustry  uscs ll)l)l’s  to ir,l( Ica,, I~L.
competitive eclgc in its particular area (If tllc t]lall<~ 1,
the nation can usc NASA’s NM]’  11’1}”1s to ]rl[ ((~ .[ 1[<
competitive cclgc irl global s])acc cxplola~iotl

lr~ir~~]~lcr~~cr~ tirjgt]lisc(~r~ccl>t, NM}’ 11’1)’Js  \vcI< I,,t IHII  I

around six kcy areas of tcchrrology:

●

●

●

●

●

●

✎ ✎

1

Autonomy
Microclcctronics
‘I’clcconlrnunical  ions
lrlstrurncnt  Tccllrlologics  and Archi[(( [ut, <
lrl Situ ll~stl-unlcr~ls  and Microcleclt{~r]lc, 1 al it+l
Systems (MliMS)
Modular and Multifunctional Systcn}\  (h4A31\ )

IC.SC tcamswcrctllcn tasked toiclcntify  a I)tmi(] :ril[
of revolutionary technologies and sclccl [ (’I Itiill II Ij;l  I

priority candidates it) an initial phase 01 III( ti( lIIIC~I
ogy-selection process; clc.vclop a roadtllfi~> IL,! t 3( II I~\

thc,s( tecllflologics; br irlg )nernbcrs from induslry,
govct r~rncnt, arlcl afadclnia  together within the teams;
SI)LWI) furihct  l,arirlcrs)[i}jsw~i[h  industry; ancl finally,
dcliv<l the tcclirlolop,ics for flight validation.

“1 II: 11’1)-1 S were for rl~cd in August- Scptcmbcr  1995
ar)(l lmvc lwcrl wor kit]!,  with great success ever since.
1 rlil ial startup issues such m rncmbcrship,  frequency
of ~n(ctirtgs, atld so or) were workccl  out by the tcarns
tllcnlw-lvcs  with II[[Ic  ditcction  from the. Program
Offict The tcarl]s arc scl(-governing ancl have proved
l~ighl)r cflcct ~vc it] cart yinS out the.ir charge. IIacb
1} ’1)’1  ]Ias a rc])tcsctltalivc  within each of NMP’s rnis-
sio)l 1  liglll ‘J e~rlls  for  (hose  tcchllologjcs  that arc.

scl{clcd [or validation) on a ~ivcn flight.

[Irllikc ]} ’])-] s it) ~)tiva[c in(lustry, whcr-e there is no
(or]~a,r an~or)8 diflcrcnl tcarns, a working rule of the
NMI’ lI)lYIs is tl]ai tllcrc  )nusi bc interaction among
tllc [c~rns.  1 ]lougll [Iw 1 I’IJ-Is focus primarily on their
Ol$,tl wol)c of [cc hrlologics, (}lcy a l so  irllcj-acl  with
caclt ol}wr  wlwrc Ilicit [echllo]ogics  arc irllcrdepcn-
dcll[. 101 cxarn])]c, IIN software  concepts that arc
clcv(l(~pcd  l)y tllc autonomy  tcarn mus[ be inlplc-
n~crltf d at]d cx(”cutcd on the hardware that comes
fror]l  lhc rllictoclc<trollics” tcarn. (ross-fcrtiliza(  ion
arr]orlF,  tcar~~s is facilitated (l~rough  works}lops and
roadrr]apl)ir]g

‘1 }Icrc arc two arltlllal w’orksl]ops  at the program level.
“1 IIc N M1’Anr~ual”1  c<}lrwlogy  Workshop isconcluctcd
e.ac}i s[)rinj~ for all irl[clcs{cd irldividuals  from govcrn-
rr~cnt,  indus[r)’)  and aca(lcrnia, At the workshop, the
ovcra]l f)rof,r-arll I)lar], validation flights, f]ighl  rcsulls,
and pltins for the future dircc[ion  of the program arc
d15cuswd  liach 1} ’1)”1 ]NCSCII(S  [hc la(csl version of its
r(dn-rap,  as well as i(s (li~ht ])lans and flight results t o
d a t e  “I his wc~rk~llop Ilas a Iargc attcndancc,  wi[h
f>allicil)arlts Itortl tllc l)rogram Office, the 11’1)’1’s,
indlls(ry,  govcrr]nlcn(, arid academia, “I”hc 11>1)”1’  1:o-
rut[l i< lhc oll]cr aliriual workshop,  conducted in
autunlr).  l>ar[i(if)a(iorl  irl this workshop is limited to
11’1>’1 lrlcrlltxvs arl(l sornc l’rogram C)fficc personnel.
AI tlli wolks}lol), tl~c cnll)}lasis is on the ll’l)’l-s’
ioadrlui~~s atd ol I ci<~ss- [c]lili7atiml of idc.as among
the (carlls.

MI CR(JEI.}.CI  RONl[.S

T}Ic [c( linc)lcrgical  sdv~nccst)cing  made in the area of
rnlcr (wlcc(ronics will c<]xcially mablc revolutionary
adf’arl( cs in lnakln~  (uturc sl)acccraft less cxpcrrsivc



hut mm-c reliable. and capable. AI I}IC }xj:ItIr,  I~,t’, ol
deep sf>acc planclary  exploration in [It{ cnl 1) II ?{”IOS,

space.cra[t design was implemented W’llh lll),ll:.[  , :,112I

log electronics leclInology  and discrctc  c 011 lf,ol ICI I IS,

rcsislors, capacitors, and Wmsislors.’1 ]-<it isi~[ ( I: ( I.It t II
ingnctworksancl  magncliccoils  wctc  III{ })C)I,II  II [lJ’, of
bulky but fk-xiblc  digital e.lcctronics lfchrwt[~); “! II(
firsl  programmal)lc  mc.mory of 128  WOICI..  i lt~] IIC
mcntcd  wilh disctcle  r~lagtlctic coils, v~i4<  fl~~li!ti I It I III(
1969 Mariner mission to Mars.

As time ])rogrcsscd,  spacecraft dcsigll ill)l)l(ll,mrl [( (1
more and more digilal electronics lct}IIItJl<J~  j, a~.
shownin];  igurc 5. Atthesal~lc  tir~lc, [l-lcf~ltli II(~iI~ II}
of the syslcm archilcclurc  was bccomit  IF, [ I>.( I.; aI ,)(I II(I
s~>ccific cliscif~li nes, such  ascor~~t~~[~t~  i(a[if~t],, ]) IWLI.
scqucncins,  data handling, [elcnmlry, and :.I! { II. A,<

SYSImll capability was enhanced tO tllwt  III( ,:11 .,1.
lcllgcs ofa]>arlictllar  rllissioll,lllc.  slllls)s\tl i\.}, l,\~. It I
colnplcxily,  but tllc basic spacccraf[ d(si~;ll  ,4, ~lIIt(c.

ture remained csscntial]y  unchan~c(l,  cx,:ci,  I I II iltt

occasional introduction of a new sulxy.>1(11]  “J I)c
kinds of ncw subsys[cms  being introd  LICL’CI, t ,{~vt :J c 1,
were dictald more by nlanagemcl)l  aII([ l). 1>,1111{1
nc.cds than by the tlvm-current stale (JI illll)l{’lli II I.+
tion technology. in lhc 1970s, a s[rolll; ((1][{1 :[IOn

dcvelopccl  between the technology dcl I;vi II It, III I III i[
existed in an organization and the SIIIE.).S!C  II . I(
c~uirccl onaspacccraf(; that is, if[hcrc  ucrt ~).lwrill~. I

foral>arliclllar  clisciJ>litlc willli]] all()]~:,l  li74[i()t [~IIs

Ilcccssi[alc(l  acortcsf>ot](li  llgsllt>sys[crll (JIIIIIII  spd( t

craft. I’hiscultural in~e.rlockingof  s]m,((l:l~  (1 ., I,I,II

w i t h  a n  organ iza[ioll’s slaffing corlsi[l(l~lll,ll~  i~rl
pcdcd  lhc assimilation of new technoloj’)y  aI I(1 s) ,’ ( III

re.struclurins.

T h u s ,  two important  chan~c.s tba[ W,IC ~)<wril)~,
sillllll[allc~) llslyitl  lccllrlology wcrct~ol lNIII~I,  (dpil.!l
izcd tlI>oll, l:irsl,  fllrlc[iotlal  irllf>lcrllc tlLali{Jr J\/i~., r] [,\
ing from analog electronics to di~,ital clc(ll~~lril .1
Second, digilal clcclr(~tlics  w’crct~cc(~rll  it[{:(>.1)(~:1(  I

tiallydcnsct  itltcrllls ofcleviccs  ]~crcllil,; sll[( I(II  41 ~,
the. number of devices per chip was i]]~lc~w]lj,,  I}) :1
faclor of a thousand every IOycafs,  as slILl\\II III

l;igure.6.  tmr cxa]nplc,  the Galileo slMIctI,Ill IW. )
10,000  chips (intcgra[cd  circuits [1(s])  10 lu.t 1(~1 II ill
ils digital functionality. WiLlltoclay’s [cclltl,:~l\, [,v, 1111.
fllllctioIlality  caIllJc  accoIll~>lisllc(l 011:4 sIII)I,lC (Ilil,,
arl(lt~y  thc21st cet~[llry, atltl]l(lrc(l  tirl~(.,lll( (,ali l.(,).
fllllctiollalily  co(llcl ~lccarriccl  ol~to]~a  slll/,lf<llii. {II
order [o take advantage of this cxplosIot I il} (Ii,,llll

ca]~al)ilil)’, the s[mcccralt IIarclwarc  configuration of
man)’ clisc~clc sut)sys[cnw hastobc collapsed into a
~llc,rl~)lilllic(lcsi~,li itlot(lcrl c)acllici’ea ’’sf>acecraft  on
a c}lil),”

\\diilc t}lc furlc[i~~tlal c~pabilityof spacecraft isdra-
lllati~ ally irlc tc:sitl[;,  h(~vm’cr, the cmt is surprisingly
dc( tt asill~,. “I his issittll,ly  because thecost pcrchipto
tllclils[ot(lct isirldcl)cndcn[  ofthcdeviccs  pcrchip,
of CI{rlsi[y  of [Ilc (flip,  ‘I}lcrc is a Iargcr  initial cost
itlvc.<tnlc]ll  10 scl uf) a rIcw family of ICs, but after
]clialllc yield isacllicvcd  a]~d the set-up costs amor-
tizcd,  the. utli( ~) Ioduc(Io  II cost of the. new family is
sirnildr  to I}IC 13s[ ~,ctlcialior] unit cost. ]n summary,
l}Icn, as ltle n\lIIIlmt  of device.s per chip increases
cxl>o]lcr]{iallya)l(l Illcc(mt pcrc}li priscsslightly(scc
l;igurt” 7), thr  C(KI [>CI dcvicc (functionality) dccrcascs
cxpotwn[ially,  a<sllow[l in ];igurc 8. In a comparative
Ifilt  s~]~srt  llcscl Il>tl(l\a rcrlf)ti  (lclltical,  sirlccttlccost
rcd(l([iorl  is less [Ilarl [hc capability incrcasc  when
des If,II conlplcxilyarrd  \’crificatiorl  are included,

1 IIi< ])l]c]}onwllotl  of rnf)]c (Icviccs pcr chip has been
takinj:plam ill pla]wla]y missions over the past two
clcc.+dcs it) kccl)itl~, with (11c continua]  pressure to
ClCCICt<W  weigll[  atld (0s1 - lhough  functionality has
sl. ill f;r~wtl,  as stlow,tl  ill 1 i~ure 3. IIcre  WC scc tha[
w}lile [I)c sl)acectaf[  wci{l,tlt p,tcw LO a maximum in the
(;:~lilctla]ld Cassit]i ctaarid  tllc)~bcgaf~to(lccli~le  from
o[}wr [,rcsst]rcs, s\]cllasl, ti]~~;it]g  dovTr~lat]r]ch vchiclc
cosl$, spacccraf[ ca]~ahility continued to increase.
l;igu]cs9, IO, and 11 sllowhow ~hecapabili(y  per
kilogr~tn of s[laccct~l[  wci~llt ant] digi[al hardware
wci[;]l[ cllallgcd OVCI (hc same period of time. ‘l’he bits
pc] kil[)gtaln  dectc~scd  [oa minimum untilscrious
slc]]<lvcrc [al<cl) to tcsttuc[ure  thcspacecraf[  clesign
al~d rt(lucc  llIc rlurlllwl of di~ilal subsystems.

t;ifly  years a~o ted(a), lhc fi]st electronic computer -
tlw i!l~u[rotli(  Nutllcrica]  ltltcgra[or  a n d  (;ornpu[cr
(lNIA()- was~lrli’cilc(la ttl~c(lt~ivcrsi[  yofl’ctlrlsyl-
vi411iA. It lt’cir,tied 30 (01]s, occupied the space of a
SIIIa]l II OLISC, 811cI (Iirl]ll]fd [IIC ]ighls of l’}lilaclelphia
W}ICI1  I( wasolwtatitl,q loday’s  handheld calculators
atc rl)orc pow’cIlt Il, OIIC firld a half million times
clleap(r,  twcnt. y lllollwnd  timcssmallc.r,  and use. tc.n
Ihousatld  titncs less l>(~u’cr.  llythc 21st ccntury,  one
(1( ’sl:-lt~[~  c(~lllll~ll(. r k$,ill Ilavc tllccapal)ili tyofall those
in Silic~)n V-alley todi+y. A spacecraft on a chip is not a
cotlccl)l,il  isa rcali[}a  sl:irl~l  ot>cilllf>lcr~lcrllc  cl.
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Figure  S. Digi(al  Iikctronics  “1’cchilok),f’,)
Used in Spacecraft

Figurr 7. Cost per (hi])
(her ~’imc

]igu?c 6. Growth in
( :hip (:omplcxity

1 ig,ulc 8. (:ost per Bit
owl 3 imc



Figure  10. Spacccrafl Capal)ilily
vs. Spacecraft Mass Ovct  l“i~tw

Iigu)dl. Spacccrafl  Capability vs.
Digital llaltl\vare h4ass0vcr3’inlc
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